The alphaherpesvirus pseudorabies virus (PrV) establishes latency primarily in neurons of trigeminal ganglia when only the transcription of the latency-associated transcript (LAT) locus is detected. Eleven microRNAs (miRNAs) cluster within the LAT, suggesting a role in establishment and/or maintenance of latency. We generated a mutant (M) PrV deleted of nine miRNA genes which displayed properties that were almost identical to those of the parental PrV wild type (WT) during propagation in vitro. Fifteen pigs were experimentally infected with either WT or M virus or were mock infected. Similar levels of virus excretion and host antibody response were observed in all infected animals. At 62 days postinfection, trigeminal ganglia were excised and profiled by deep sequencing and quantitative RT-PCR. Latency was established in all infected animals without evidence of viral reactivation, demonstrating that miRNAs are not essential for this process. Lower levels of the large latency transcript (LLT) were found in ganglia infected by M PrV than in those infected by WT PrV. All PrV miRNAs were expressed, with highest expression observed for prv-miR-LLT1, prv-miR-LLT2 (in WT ganglia), and prv-miR-LLT10 (in both WT and M ganglia). No evidence of differentially expressed porcine miRNAs was found. Fifty-four porcine genes were differentially expressed between WT, M, and control ganglia. Both viruses triggered a strong host immune response, but in M ganglia gene upregulation was prevalent. Pathway analyses indicated that several biofunctions, including those related to cell-mediated immune response and the migration of dendritic cells, were impaired in M ganglia. These findings are consistent with a function of the LAT locus in the modulation of host response for maintaining a latent state.
P seudorabies virus (PrV) is a porcine alphaherpesvirus. The genome of PrV is more than 142 kb in size and is characterized by the presence of 70 different coding genes plus the latency-associated transcript (LAT) locus (1, 2) . PrV is the etiological agent of Aujeszky's disease, causing neurological, respiratory, and reproductive disease in the pig, its natural host. Despite successful vaccination campaigns and eradication of the virus from various countries, pseudorabies outbreaks still occur in swine populations worldwide, as recently reported from China (3) . Because latent infection persists for lifetime after recovery from acute disease, pigs latently infected by PrV are a constant danger for virus reactivation, shedding, and spread in susceptible populations (4) (5) (6) .
A particular feature of herpesviruses is their ability to establish and maintain latent infections in which the virus genome circularizes and persists as an episome. As for other alphaherpesviruses, neurons in the trigeminal ganglia are the primary site of PrV latency (7) . Over this period, transcription of viral lytic genes is repressed and transcription of the viral genome is restricted to the LAT locus overlapping the internal repeat sequence (IR) (8) (9) (10) .
RNAs of multiple sizes are transcribed from the strand opposite that encoding EP0 and IE180, which can be detected in infected swine trigeminal ganglia (8, 10, 11) . The largest is the 8.4-kb large latency transcript (LLT). Transcription from the LAT region also occurs during lytic infection of cultured mammalian cells, although a different set of transcripts is expressed (12) .
MicroRNAs (miRNAs) are small noncoding RNAs of approximately 22 nucleotides (nt) that regulate gene expression posttranscriptionally. By complete or partial hybridization, miRNAs induce target mRNA degradation and/or translational repression; thus, they serve key roles in the regulation of almost every important cellular process in multicellular eukaryotes (13) (14) (15) . Given their small size, their lack of antigenicity, and their ability to inhibit the translation of specific mRNA species, miRNAs are thought to represent ideal tools for viruses to establish conditions permissive for viral replication, for the establishment of latency, or to allow rapid responses to changes in the environment, such as those that trigger reactivation from latency (16) (17) (18) . The first viral miRNA was identified in Epstein-Barr virus (EBV), a gammaherpesvirus (19) . With advances in sequencing technologies, the identification of miRNAs in many human and animal herpesviruses rapidly followed (17, 20) .
Several alphaherpesviruses have been reported to encode miRNAs, which often are clustered in the viral genome, map within the LAT locus or in adjacent regions, and are found encoded on both strands (20, 21) . In PrV, a cluster of 11 miRNA genes has been identified by deep sequencing in porcine immature dendritic cells (22) and in a porcine kidney (PK15) cell line (23) during lytic infection. This cluster is entirely contained within the ϳ4.6-kb intron of the LLT, which functions as a primary miRNA precursor (23) .
Here, we report the results of an experimental infection to assess the importance of an miRNA-containing region for the establishment of PrV latency in its natural porcine host. To this end, we generated a PrV mutant deleted of a 2.5-kb portion of the LLT intron harboring nine miRNA genes. We adopted a deep sequencing approach to characterize the transcriptional profiles of trigeminal ganglia focusing on miRNAs and coding genes.
MATERIALS AND METHODS
Construction of virus mutants. The virus generated in this study was derived from the green fluorescent protein (GFP)-expressing mutant pPrV-⌬gGG (24) , which contains the genome of PrV strain Kaplan (PrV-Ka) (25) cloned as a bacterial artificial chromosome (BAC).
To delete the miRNA cluster, pPrV-⌬gGG ( Fig. 1A) was mutagenized in Escherichia coli using the counterselection BAC modification kit (Gene Bridges). The provided selection cassette conferring streptomycin sensitivity (RpsL) and kanamycin resistance (KanR) was amplified by PCR (Pfx DNA polymerase; Life Technologies) with primers PDMIRN-F (5=-CGG TGGGTCGACGGCTCCTGGGGCTGAAAGCGGCGCTGCGGATCC CCCGCggcctggtgatgatggcgggatcg-3=) and PDMIRN-R (5=-GTGTGCGT GTGCGAGAGAGAA GAGATGCGGGGGAGGGCGGCGGGCGCTTGt cagaagaactcgtcaagaaggcg-3=), which contained 5= extensions (uppercase letters) corresponding to nucleotides 98050 to 98099 and the reversal of nucleotides 100571 to 100620 of the PrV-Ka genome sequence, respectively (GenBank accession number JQ809328) (26) . The 1,419-bp PCR product was used for Red/ET-mediated recombination with pPrV-⌬gGG, (22, 23) are shown as arrowheads numbered from 1 to 11 (corresponding to miRNA genes from prv-mir-LLT1 to prv-mir-LLT11). In pPrV-⌬miRN, the majority of the miRNA genes were deleted and replaced by selection markers (RpsL and KanR) used for BAC mutagenesis in E. coli. resulting in pPrV-⌬miRN ( Fig. 1B) . The correct insertion of the selection markers and precise deletion of PrV sequences were confirmed by restriction analyses and Southern blot hybridization, as well as by PCR amplification and sequencing of the mutated genome region (results not shown). Infectious PrV was rescued after transfection (FuGene HD reagent; Promega) of rabbit kidney (RK13) cells with BAC DNA.
Propagation, titration, and growth kinetics of pPrV-⌬gGG and pPrV-⌬miRN. Rabbit (RK13) and porcine (PK15) kidney cells were used for productive virus replication. RK13 cells were grown in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS). For the determination of one-step growth kinetics, cells were infected on ice with pPrV-⌬miRN or pPrV-⌬gGG at a multiplicity of infection (MOI) of 5 and shifted to 37°C after 1 h. After an additional hour, nonpenetrated virus was inactivated by low-pH treatment (27) , and the inoculum was replaced by fresh medium. At different times of culture at 37°C (Fig. 2) , the infected cells were lysed by freeze-thawing, and progeny virus titers were determined by plaque assays overlaid with semisolid MEM containing 5% FBS and 6 g/liter methylcellulose. Mean titers from three independent experiments and mean diameters from 30 plaques per virus mutant, as well as standard deviations, were calculated. PK15 cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in the presence of 5% CO 2 . PK15 cells were grown in 6-well culture plates. After reaching 90 to 100% confluence, cells were infected with either pPrV-⌬gGG or pPrV-⌬miRN at an MOI of 10 and incubated for 45 min at room temperature. The inoculum then was aspirated, and cells were washed several times and incubated with DMEM supplemented with 10% FBS. Supernatants and cells were harvested at different times and used (i) for viral titrations and growth kinetics as for RK13 cells (Fig. 2) and (ii) for total RNA extractions, followed by quantitative RT-PCR (RT-qPCR) of viral genes and miRNAs.
Establishment of PrV latency in vivo. The in vivo animal experiment was approved by an independent ethical committee (7221.3-1.1-016/12). Fifteen 60-day-old pigs (German Landrace) were used for experimental infection. Animals were housed in the biosafety level 3 (BSL3) facility of the Friedrich-Loeffler-Institut, Germany, and tested for the absence of PrV antibodies prior to the start of the experiment. Three groups of five animals each were infected intranasally with 10 5 PFU of pPrV-⌬gGG (animal no. WT 54 to 58) or pPrV-⌬miRN (animal no. M 49 to 53) or were mock infected (control group; animal no. C 21 to 25). The pigs were allowed to recover during the following 62 days to ensure the establishment of latency. During this time, pigs were monitored for clinical symptoms. In order to check for virus shedding, nasal swabs were collected every 2 days after infection until virus excretion ceased. Blood samples were collected at 4, 7, 10, 15, 20, 30, 45 , and 62 days postinfection (p.i.) using a V-trough device.
The host antibody response was assessed by enzyme-linked immunosorbent assay (ELISA) using PrV gB as the antigen. DNA samples from nasal swabs were analyzed by quantitative real-time PCR targeting the gB gene (28) .
Animals were slaughtered at 62 days p.i. Trigeminal ganglia were excised, rinsed with ice-cold physiological saline solution, frozen in liquid nitrogen within 30 min after excision, and stored at Ϫ80°C until processed.
Nucleic acid extraction and purification. Total RNAs from infected PK15 cells were extracted using QIAzol reagent and purified with an RNeasy minikit according to the manufacturer's instructions (Qiagen).
Frozen trigeminal ganglia were homogenized in ice-cold TRIzol reagent using an Ultra-Turrax (IKA). RNA extraction was performed according to the manufacturer's instructions (Invitrogen). Genomic DNA was obtained upon phase separation for RNA extraction by adding a back extraction buffer containing 4 M guanidine thiocyanate, 50 mM sodium citrate, and 1 M Tris, pH 8.0 (free base), to the interphase-organic-phase mixture. After centrifugation at 12,000 ϫ g for 15 min at 4°C, the upper aqueous phase containing DNA was transferred to a clean tube and DNA was precipitated by adding 0.8 volumes of isopropanol per 1 ml of TRIzol, followed by centrifugation at 12,000 ϫ g for 5 min at 4°C and pellet washing with 75% ethanol.
Yields and purity of nucleic acids were measured with a NanoDrop ND-1000 spectrophotometer. To remove unwanted residual DNA, all RNA samples were treated with TURBO DNase (Ambion). PK15 RNAs were treated with DNase twice and further checked by qPCR of viral genes to ensure the complete removal of PrV genomic DNA. RNA integrity was assessed using an Agilent 2100 Bioanalyzer and RNA 6000 Nano kits (Agilent), and the RNA integrity number (RIN) (29) was calculated.
Estimation of relative amounts of PrV genomes in trigeminal ganglia. The relative amount of PrV genomes in trigeminal ganglia was estimated by a classical qPCR approach (30) . DNA was extracted from a single whole ganglion per animal and amplified using primers specific to the GFP gene (forward primer, GCA AAG ACC CCA ACG AGA AG; reverse primer, TCA CGA ACT CCA GCA GGA CC). For each biological sample, three technical replicates were run, and all qPCRs were performed on the same run to minimize interexperimental variation. Triplicate reaction mixtures (20 l) included 5 l genomic DNA (corresponding to 100 ng of DNA), 10 l of SYBR green PCR master mix, and 5 l of primers (300 nM each). Reaction mixtures were incubated in a 96-well optical plate at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min using a 7900HT Fast real-time PCR system instrument (Applied Biosystems). To avoid false-positive results, the DNA of three negative controls was used (samples 22 C, 23 C, and 25 C). The PrV genome copy number was estimated per 100 ng of genomic DNA from a PA-GFP-coilin C2 plasmid DNA standard curve.
RNA-seq and small RNA-seq library preparation and sequencing. Both RNA sequencing (RNA-seq) and small RNA-seq libraries were prepared and barcoded using the TruSeq RNA sample preparation kits and protocols of Illumina.
RNA-seq. For RNA-seq, libraries were prepared from nine individual samples: three control (C) ganglia, three ganglia latent for pPrV-⌬gGG (WT ganglia), and three ganglia latent for pPrV-⌬miRNA (M ganglia). Poly(A)-RNA was purified from total RNA using oligo(dT) magnetic beads, fragmented, and reverse transcribed using random primers. Libraries were checked with the Agilent high-sensitivity DNA kit and quantified with the qPCR NGS library quantification kit (Agilent). The nine tagged cDNA libraries were pooled, quantitated by qPCR, and sequenced in paired-end mode (100-bp reads) on an Illumina HiSeq2000 instrument (TruSeq PE cluster, v3; TruSeq SBS, 200 cycles, v3; and TruSeq multiplex primer kit). Quality control analysis of the raw data set did not indicate any differences among lanes regarding the quality or quantity of the reads generated.
Small RNA-seq. Small RNA-seq libraries were prepared for three control ganglia, five ganglia latent for pPrV-⌬gGG (WT-ganglia), and five ganglia latent for pPrV-⌬miRNA (M-ganglia). Prior to library preparation, the integrity of the RNAs was assessed using an Agilent 2100 Bioanalyzer, and yields were estimated with a Qubit fluorometer. RNAs were fractionated in a 15% denaturing polyacrylamide gel. Small RNA fragments in the range of 18 to 30 nt were excised from the gel and purified. The 5= and 3= termini of the small RNAs were ligated sequentially with adapters, followed by reverse transcription and PCR amplification. The amplified cDNA products pooled were sequenced in single-end mode (50-bp reads) using the TrueSeq SBS kit, v3, according to the manufacturer's instructions on a HiSeq1000 Illumina sequencer. Raw reads were analyzed with Casava1.8.2.
Deep sequencing and differential expression analysis. (i) RNA-seq. First, 3=-end reads were trimmed for low-quality bases. Briefly, the 3=-end bases were sequentially cut off if their Phred quality score was below 10 or until the read length became less than 40 bp long. Trimmed reads then were mapped against the Sus scrofa reference genome sequence, v10.2 (31), using TopHat, v2.0.4 (32) . A transcript annotation was downloaded from Ensembl (v.67) (www.ensembl.org) and supplied to TopHat with option-g. Transcript assembly was performed by providing mapped reads to Cufflinks v2.1.1 (33) , and option -g was used to report all reference transcripts as well as any novel genes and isoforms that were assembled. Transcript quantification was performed using HTSeq-count (from the HTSeq framework, version 0.5.4p3) in default (union) mode, and these counts were used to perform differential expression analysis. Normalization and a generalized linear model (GLM) likelihood ratio test were performed using the Bioconductor edgeR package (version 3.2.3) (34) in the R environment (version 3.0.0). Transcripts showing a Benjamin-Hochberg false discovery rate (FDR) below 0.05 were considered differentially expressed.
(ii) Small RNA-seq. Raw reads first were trimmed for adapters and low-quality ends (cutoff Phred quality score, 20) using cutadapt v.1.3 (35) . Scripts from the miRDeep2 (v.2.0.0.5) software package (36) then were used for the identification and quantification of novel and known miRNAs from the trimmed reads. Mapping against the pig genome reference sequence (Sus scrofa v10.2) was performed with the script mapper.pl, while the identification of known and novel miRNAs was done using miRDeep2.pl script. The known and predicted miRNAs then were provided to the quantifier.pl script. This module maps the deep-sequencing reads to predefined miRNA precursors. These signatures then were postprocessed using a custom python script to quantify mature miRNAs. To discard hairpins with a read distribution inconsistent with Drosha and Dicer processing sites (i.e., reads tilled across the precursor), we expected at least a 3:1 ratio between reads that matched any of the stem-loop arms and reads located in the loop. For the remaining hairpins, reads that mapped inside the loop (more than 3 nucleotides falling in the loop) were not considered for quantification. When no known mature miRNA matched the same precursor, putative new mature miRNAs were named based on the name of the hairpin on which they were located or from the name of the known miRNA mapping on the opposite strand of the precursor. All of the reference sequences from mature miRNAs and their precursors were obtained from the miRBase database, v20 (www.mirbase .org) (37) . These counts were used to perform differential expression analysis. Normalization and a GLM likelihood ratio test were performed using the Bioconductor edgeR package (version 3.2.3) (34) in the R environment (version 3.0.0). The miRNAs showing a Benjamin-Hochberg FDR below 0.05 were considered differentially expressed.
RT-qPCR analyses. (i) Porcine and viral genes.
To validate the RNAseq data of trigeminal ganglia, 16 genes were selected to represent most of the predicted PrV miRNA targets (see below) and a wide abundance range in ganglia (number of RNA-seq reads). A second set of genes included the viral genes LLT, EP0, IE180, US1, US3, US7, US8, UL6, UL28, UL32, UL33, UL43, UL47, and UL48. With the exception of primers for LLT, all primers for PrV genes have been reported (38) . Primers for LLT and for all porcine genes were designed using Primer3Plus software (39) and verified for specificity by BLAST analysis (see Table S1 in the supplemental material).
Reverse transcription was performed with the SuperScript III firststrand synthesis system (Invitrogen) using between 800 ng and 1 g of total RNA and 50 ng of random hexamers. The quantity and quality of cDNAs were evaluated using an Agilent 2100 Bioanalyzer and RNA 6000 Pico kits (Agilent). All RT-qPCRs were performed on a 7900HT fast realtime PCR system instrument (Applied Biosystems) using the SYBR green PCR master mix. For each primer pair, PCR efficiency was evaluated using serial dilutions of cDNA sample. The potential occurrence of dimers and amplification specificity was assessed by melting curve analyses. An equivalent of 500 pg of cDNA was used as the template for each sample, and three technical replicates were run as previously described (see "Estimation of relative amounts of PrV genomes in trigeminal ganglia"). A parametric two-tailed Student's t test was used to assess statistical differences between pairwise comparisons.
(ii) PrV miRNAs. Stem-loop RT primers, PCR primers, and probes were optimized for improved stability and mismatch discrimination using locked nucleic acid nucleotides (40, 41) (see Table S1 in the supplemental material).
Reverse transcription was done using the TaqMan microRNA reverse transcription kit (Applied Biosystems). In each reaction mixture, 10 ng of total RNA from trigeminal ganglia/PK15 cells was mixed with 50 nM specific stem-loop RT primer. RT reactions were carried out at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. The qPCRs were made using standard TaqMan PCR protocols on a 7900HT fast real-time PCR system instrument (Applied Biosystems).
Target gene predictions of PrV miRNAs. The target sites of all PrV miRNAs on differentially expressed genes (see Table S3 in the supplemental material) were predicted by TargetScan 6.0 (42, 43) . As few genes had annotated 3=-untranslated regions (UTRs), we first manually annotated as many missing genes as possible, making use of cross-species mRNAs where pig-specific sequences were unavailable (44) . This annotation is available from the Vega website (http://vega.sanger.ac.uk).
Predictions could be computed on 34 out of the 54 differentially expressed genes (see Table S3 in the supplemental material). The 3=UTR sequences from the EPO (Enredo, Pecan, Ortheus) pipeline for 12 eutherian mammal species multiple alignments were retrieved from Ensembl v.68 (www.ensembl.org). Genes having a target site context score equal to or greater than zero were filtered out of the analysis. An enrichment analysis was carried out to check if differentially expressed genes were enriched in miRNA targets compared to the number of targets predicted on the total number of genes expressed in ganglia using Fisher's exact test.
Gene pathway analysis. The Ingenuity Pathways Analysis (IPA) software was used to identify the most relevant biological functions and pathways involving the genes found differentially expressed in pairwise comparisons between WT, M, and C ganglia. We first uploaded the list of human homologs that corresponded to the pig genes into the application. The network analysis in the WT versus C and M versus C data sets aimed to search both direct and indirect interactions (known from the literature) between differentiated genes and all other molecules (genes, gene products, or small molecules) contained in the Ingenuity Knowledge Base (IKB). For a given network, the degree of association is estimated by considering the proportion of eligible genes (genes with at least one interaction with another full-length gene or protein in IKB), and a score is assigned based on the right-tailed Fisher exact test [log(1/P value)]. The IPA upstream regulator analysis was used to identify upstream regulators and predict, based on the literature compiled in the IKB, whether they are activated or inhibited given the observed gene expression changes in the WT versus C and M versus C data sets. The activation z score predicts the activation state of the upstream regulator using the gene expression patterns of the genes downstream of an upstream regulator; an absolute z score of Ն2 is considered significant. Finally, the heatmap comparison analysis tool was used to visualize clusters of diseases and biofunctions predicted to increase or decrease similarly across the WT versus M and M versus C data sets. The statistical significance of each biofunction is expressed as P values from Fisher's exact test, and a total absolute z score across all of the observations is provided.
RNA-seq accession numbers. The raw reads determined in this work have been deposited at the European Nucleotide Archive (ENA) under accession number PRJEB6754 for RNA-seq (http://www.ebi.ac.uk/ena /data/view/PRJEB6754) and accession number PRJEB6755 for small RNA-seq (http://www.ebi.ac.uk/ena/data/view/PRJEB6755).
RESULTS
Generation and in vitro characterization of a PrV miRNA mutant. pPrV-⌬miRN was generated from the parental pPrV-⌬gGG ( Fig. 1A) (24) by deleting nucleotides 98100 to 100570 from the right end of the U L region of the PrV-Ka genome (GenBank accession no. JQ809328) (26) . The deletion includes 9 out of the 11 described miRNA genes (22, 23) but excludes the two miRNA genes transcribed from the inverted repeat sequences (prv-miR-LLT10 and prv-miR-LLT11) (Fig. 1B) .
The deletion is completely located within the intron of the LLT (8) without affecting the predicted splice donor, branch, or acceptor sites. Due to the insertion of the bacterial genes ( Fig. 1B) , the genome size of pPrV-⌬miRN is reduced by only 1,154 bp compared to pPrV-⌬gGG, which is unlikely to significantly influence the efficiency of viral DNA replication or packaging. Consistently, pPrV-⌬miRN and pPrV-⌬gGG exhibited almost identical in vitro replication properties with respect to replication kinetics ( Fig. 2 ) and cell-to-cell spread in RK13 and PK15 cells (data not shown).
The expression of the genes adjacent to the deletion (IE180 and EP0) was profiled by RT-qPCR in PK15 cells. In cells infected with pPrV-⌬miRN, EP0 was transiently overexpressed, peaking at 8 h p.i. (Fig. 3A and D) , while IE180 and the spliced LLT product (exon 1-exon 2 [ex1/ex2] junction of LLT) displayed very similar profiles of expression in cells infected with either pPrV-⌬miRN or pPrV-⌬gGG ( Fig. 3B and C) . Similar expression profiles were found for 11 other PrV genes (not shown). Thus, as desired, mutant and wild-type PrV displayed highly similar in vitro properties as an essential prerequisite for the following in vivo studies. PK15 cells were infected with pPrV-⌬miRN (light gray) and pPrV-⌬gGG (dark gray) at an MOI of 10. Values are provided as mean C T values and are the averages from three biological replicates (higher C T values mean decreased gene expression levels). The qPCRs were normalized to the input amount of total RNA.
Both pPrV-⌬miRN and pPrV-⌬gGG establish latency in vivo.
Groups of five animals were infected with pPrV-⌬gGG (WT) or pPrV-⌬miRN (M) or were mock infected (C). The only clinical symptom detected was intermittent fever until 5 days p.i. All infected animals recovered, while two noninfected control animals died in the course of the experiment due to stress reaction.
The levels of virus excretion in nasal swabs were heterogeneous. On average, the animals infected by M showed higher excretion levels than those infected by the WT, with maximum levels reached earlier (at 2 days p.i.) in two of the M-infected animals. No virus excretion was detected in nasal swabs from 12 days p.i. (Fig. 4A and B ). All infected animals developed a robust immune response with no differences between M and WT infection ( Fig.  4C and D) .
Animals were sacrificed at day 62 p.i. PrV genomes were detected in the trigeminal ganglia (WT ganglia and M ganglia) of all infected animals. Values ranged between 57 and 542 copies per 100 ng of genomic DNA, which is similar to the range found in previous studies on herpes simplex virus (HSV) (45) . Some of the highest values were found in M ganglia (Fig. 5 ). This showed that the deletion did not impair the mutant virus in access to and establishing latency in trigeminal ganglia.
Descriptive statistics of small RNA-seq and RNA-seq of trigeminal ganglia. We generated individual libraries and profiled, by small RNA-seq, the ganglia derived from all 13 surviving animals. The sequencing depth ranged from 20.7 to 47.9 million reads with a mean depth of 37.9 million reads per sample. After adapter trimming and filtering out low-quality reads, porcine and PrV miRNAs were identified and mapped on the pig and PrV genomes. This led to the identification of between 5.8 and 20.7 million reads per library mapping to known or novel miRNAs ( Table 1) .
The vast majority of sequences recovered proved, as expected, to be porcine cellular miRNAs. The most highly expressed miRNAs were ssc-miR-27b-3p and ssc-miR-143-3p, with average read counts of about 2 and 1 million, respectively. Further analysis did not provide any significant evidence of host miRNAs differentially expressed in the pairwise comparisons among M, WT, and C ganglia. Differences were observed for ssc-miR-204 expression between WT and C ganglia and for ssc-miR-429 expression between M and WT ganglia. However, after manual checking of reads, these turned out to be artifacts due to the abnormally high number of reads in outlier samples, specifically of ssc-miR-204 in one C ganglion sample and of ssc-miR-429 in one M ganglion sample (data not shown).
RNA-seq. We produced individual libraries for a sample of nine animals (3 M, 3 WT, and 3 C ganglia). RNA-seq profiling generated an average of 65 million reads per library. A quality check confirmed that over 75% of reads were of good quality. Upon mapping and transcript assembly, we detected 19,465 pig genes expressed in ganglia. Normalized values are provided in Table S2 in the supplemental material. The most expressed pig genes (average of 700,000 reads per sample) corresponded to the neurofilament medium and light polypeptide genes (NEFM and NEFL), which are highly expressed in the cerebral cortex and in the hippocampus (46, 47) . Despite the depth of sequencing, very few reads mapped to the PrV genome (between 51 and 523 normalized reads). All of them mapped to the LLT gene locus during latency, as expected (see Table S2 in the supplemental material).
All known PrV miRNAs are expressed during latency. In the ganglia latent for parental PrV (WT ganglia), we detected all of the mature PrV miRNAs described so far, which are encoded by 11 miRNA genes clustering in the LLT intron (22, 23) . No new PrV miRNAs were identified (Table 2 ). Furthermore, we did not detect the offset-miRNA (moRNA) encoded by the prv-mir-LLT8 gene previously found in dendritic cells during productive PrV infection, identified as prv-miR-4 (22) or moR-8 (23, 48) . The PrV miRNAs still are annotated as unique mature sequence in the latest version (v21) of the miRBase database (www .mirbase.org). However, with few exceptions, all miRNAs were found expressed by both the 5= and 3= arms of their precursor sequences, and as expected, one form was predominant ( Table 2) . Furthermore, the predominant mature miRNAs encoded by the prv-mir-LLT7 and prv-mir-LLT8 genes were those of the 3= arm, as previously detected (23, 48) but not yet annotated in miRBase. To clarify the issue, we revised the nomenclature of all PrV miRNAs by adding the arm of origin information ( Table 2) .
The most abundant viral miRNA was prv-miR-LLT2-5p, followed by prv-miR-LLT1-3p (both deleted in M) and prv-miR-LLT-10-3p (present in both WT and M) ( Table 2 ). The prv-mir-LLT-10a and prv-miR-LLT-11a genes map to the 3= distal portion of the LLT intron and are duplicated in the terminal repeat region (TR) of the PrV genome (prv-mir-LLT10b and prv-mir-LLT11b). The mature prv-miR-LLT-10 and prv-miR-LLT-11 showed similar patterns of expression in M and WT ganglia, suggesting that the deletion in the mutant virus did not affect regulatory sequences required for the expression of prv-mir-LLT10a and prvmir-LLT11a ( Table 2) .
The RT-qPCRs confirmed the presence of the three most abundant miRNAs (prv-miR-LLT1-3p, prv-miR-LLT2-5p, and prv-miR-LLT-10-3p) (Fig. 6A ). For comparison, we checked the expression of these miRNAs in PK15 cells during productive infection at 12 h p.i. Both prv-miR-LLT1-3p and prv-miR-LLT2-5p were highly expressed, while prv-miR-LLT-10-3p was detected at much lower levels (Fig. 6B ). We were unable to assess the expression levels of other less abundant PrV miRNAs above background values.
Characterization of the pattern of expression of the LAT locus in trigeminal ganglia. RNA-seq and small RNA-seq data indicated that only LLT and the viral miRNAs (which, with the exception of prv-miR-LLT10 and prv-miR-LLT11, are present only in the genome of WT) were expressed in the porcine ganglia, as would be expected in established latency. To better characterize this status in the M ganglia, we performed RT-PCR and RT-qPCR analyses of different portions of the LAT locus adjacent to the deletion (Fig. 1) .
In both M and WT ganglia, no expression of IE180 or EP0 could be detected by repeated tests with primer-specific RT-qPCR. This confirmed that also the second copy of the IE180 gene mapping to the TR region of the PrV genome (1) is inactive during latency. The M virus expressed lower levels of transcripts comprising the ex1/ex2 junction and exon 2 of LLT, while the first LLT exon was expressed at similar levels by both viruses (Fig. 7) . This was surprising, given that the splicing of LLT (LLT ex1/ex2 junction) was unaffected in vitro ( Fig. 3C) and no expression of genes expressed during the lytic phase was detected in ganglia.
An additional difference was observed in the distribution of RNA-seq reads between M and WT ganglia at the LAT locus. This revealed that in M ganglia, the portion of the LLT intron ϳ1,000 bp immediately downstream of the deletion is expressed (Fig. 8 ). We tested by RT-qPCR if this indicated the presence in M ganglia of unspliced transcripts which are expressed during the PrV lytic phase (12) . The results confirmed that the bacterial genes and the LLT intron region immediately downstream of the bacterial cassette ( Fig. 1) were expressed by the M virus, indicating that the bacterial promoter is active in ganglia. However, in agreement with the distribution of mapped reads, no expression of the portion of the LLT intron adjacent to the acceptor site and preceding the peak of reads at the 5= of LLT exon 2 was detected by RT-qPCR in M and WT ganglia (not shown). This excluded the possibility that transcripts covering part of the 3= portion of the intron are expressed in M ganglia.
Gene upregulation is prevalent in trigeminal ganglia latent for the mutant PrV. By differential expression analysis of the nine samples profiled by RNA-seq, we identified 54 genes (plus two pseudogenes and two miRNA precursors predicted in the cow genome), each significantly differentially expressed (DE) in at least one of three pairwise comparisons among WT, M, and C ganglia (WT versus C, M versus C, and M versus WT). Values of differential expression (DE and P values of significance) are provided in Table S3 in the supplemental material.
M ganglia and WT ganglia differed considerably in their patterns of gene expression. DE genes reaching significance were more abundant in WT (34 genes) than in M ganglia (22 genes), and only eight genes were common to the M versus C and WT versus C comparison. An additional six genes were significantly DE only in the direct comparison between WT versus M.
Remarkably, while in the WT ganglia we found a prevalence of significantly downregulated genes (20 downregulated versus 14 upregulated), the opposite trend was found in M ganglia (19 upregulated versus only 3 downregulated) (see Table S3 in the supplemental material). Only BTNL9 (butyrophilin-like 9), MTNR1B (melatonin receptor 1B), NR1D2 (nuclear receptor subfamily 1, group D, member 2, which is a transcriptional repressor with roles in circadian rhythms and carbohydrate and lipid metabolism), and MAPK4 (mitogen-activated protein kinase 4) were more significantly downregulated in M ganglia compared to WT ganglia or controls.
The eight genes shared by the M versus C and WT versus C comparisons included only highly upregulated host immune genes: CXCL13 (a chemokine ligand), five immunoglobulins (IgJ, IgK-V, IGKV1D-42, one IGLC member, and IGLL5), TNFRSF10B (member 10B of the tumor necrosis factor [TNF] receptor superfamily, the most upregulated gene found in both M and WT ganglia [Ͼ4 logFC, where FC indicates fold change]), and a protein annotated as novel in the pig genome and similar to SLC2A7, which is a glucose transporter (see Table S3 in the supplemental material).
RT-qPCR of 16 genes represented by either a high or low number of RNA-seq reads was carried out in the whole set of WT, M, and C ganglion samples. The results showed excellent concordance between RNA-seq and RT-qPCR. Furthermore, the profile of these few additional animals provided significance to previously suggestive values (Table 3 ; also see Table S3 in the supplemental material). In particular, PLA2G2D (phospholipase A2, group IID), CD8A (T-cell surface glycoprotein CD8 alpha chain), and CXCL9 became significant in the M versus WT contrast, strengthening the pattern of gene upregulation found in M ganglia. Furthermore, RT-qPCR confirmed that VIP (vasointestinal peptide) was detectable only in the three M ganglia samples carrying the highest numbers of copies of PrV genomes (Fig. 5) .
Fifteen DE genes harbored one or multiple targets for one or more of PrV's miRNAs (see Table S3 in the supplemental material). However, the generalized pattern of gene downregulation in WT ganglia and of gene upregulation in M ganglia hid any putative modulatory effect of PrV miRNAs. Furthermore, we did not detect any relative enrichment of putative targets for the most expressed PrV miRNAs compared to the whole set of porcine genes expressed in ganglia (not shown).
LAT deletion affects the host proinflammatory response. We used the IPA software to analyze the expression patterns of latently infected ganglia. All of the genes which were DE in at least one of the three comparisons (see Table S3 in the supplemental material) were included in the analysis, with the exception of the two putative miRNA precursors so far annotated only in the cow genome (bta-mir-2887 and bta-miR-2904) and C3 (missing from the IPA reference database). By this analysis we could assign a total of 44 of these DE genes to top gene networks and/or biofunctions. The top network identified by IPA in both M and WT ganglia was termed cell-mediated immune response, cellular movement, hematological system development and function (17 genes; score, 39), followed by hereditary disorder, neurological disease, psychological disorders (15 genes; score, 34) (see Table S4 in the supplemental material). Other networks were identified by fewer than six genes in either the WT versus C or M versus C comparisons.
IPA identified gamma interferon and two inflammatory cytokines (TNF and interleukin-6 [IL-6]) as the most significant top upstream regulators. The state of activation of these regulators was globally coherent with the pattern of expression of 20 DE genes in the WT versus C and M versus C comparisons ( Fig. 9 ). As expected, the large majority (15 genes) belonged to the cell-mediated immune response network (see Table S4 in the supplemental material). This network added evidence for the pattern of expression of VIP being inconsistent with the activation of TNF, while the pattern of CYP2E1 (cytochrome P450, family 2, subfamily E, polypeptide 1) is inconsistent with all three regulators ( Fig. 9 ). In order to compare the WT and M ganglia for their respective status of activation of specific diseases and biofunctions, we generated a comparative heatmap of M versus WT ganglia reporting the IPA z scores of activation besides the P values of the significance of biofunctions (Table 4 ). The differences in the trend of activation/inhibition between WT and M ganglia are determined largely by a few genes participating in several biofunctions. The migration of dendritic cells was, together with the more general ones related to tissue and cell homeostasis, the most significant biofunction of latent ganglia (P ϭ 6.77E Ϫ06 ). Unlike WT ganglia, in M ganglia this biofunction had a trend of inhibition. This difference was due to the combined effect of three genes: VIP (only expressed in M ganglia), AGT (angiotensinogen-serpin peptidase inhibitor, clade A, member 8; less downregulated in M ganglia), and ICOS (inducible T-cell costimulator; more upregulated in M ganglia). A similar effect was found for other biofunctions (activation of leukocytes, activation of T lymphocytes, and inflammatory response). Conversely, the expansion of T lymphocytes and stimulation of cells had a trend of activation in M ganglia due to the combined effect of VIP and BTNL9 (the latter is more downregulated in M ganglia). Interestingly, M ganglia also showed a less efficient inhibition of synthesis of fatty acid and concentration of fatty acid (Table 4 ).
DISCUSSION
We show here that deletion of nine of the 11 known PrV miRNA genes, contained in a cluster within the LLT intron sequence, does not impair the establishment of latency in trigeminal ganglia. The PrV genome was detected in the trigeminal ganglia of all infected animals beyond the termination of clinical symptoms and viral excretion ( Fig. 4 and 5) . Moreover, the mutant virus displayed properties almost identical to those of the parental pPrV-⌬gGG, a BAC clone derived from PrV-Ka, during propagation in vitro ( Fig.  1 to 3) .
The value of our experimental approach lies in the use of a natural virus-host system to analyze the importance of miRNAcontaining regions on herpesvirus latency. Most of the current knowledge on latency has been obtained from studies of HSV-1 and HSV-2 in rodent models. In these settings, all LAT mutants that ablate LAT expression and the expression of multiple miRNAs can establish and maintain latency (18, (41) (42) (43) . It was reported earlier that PrV mutants unable to express LAT and EP0 also were able to reach and persist in porcine trigeminal ganglia after intranasal infection (49) . This makes it unlikely that the removal of the entire cluster of 11 PrV miRNA genes would make a difference for the ability of PrV to establish latency.
Transcriptional patterns of the PrV genome during latency. With the exception of the deleted miRNAs, the viral transcriptional profiles of ganglia latent for the mutant (M) PrV displayed only subtle differences compared to the parental WT virus. The finding that the levels of ex1/ex2 junction and exon 2 of LLT were decreased in M ganglia (Fig. 7) is difficult to explain in the absence of any evidence of viral reactivation. In HSV, several results point to products of the LAT locus functioning in the repression of lytic gene expression, which would favor the establishment and maintenance of latency, and LAT has been proposed to silence viral gene expression as a long noncoding RNA (50) (51) (52) . However, in HSV the number of neurons harboring virus is decreased after infection by ⌬LAT mutants, as reviewed previously (53) , while ganglia latent for the mutant PrV (M ganglia) carried amounts of latent PrV genomes similar to those of WT ganglia (Fig. 5 ). Decreased levels of LLT in ganglia latent for the nine-miRNA-deleted virus also are inconsistent with the predicted ability of multiple PrV miRNAs to target LLT as well as IE180 and EP0 (23) . Finally, given the limited knowledge of the PrV LAT locus, we cannot totally exclude that the 2.5-kb deletion removed regulatory sequences which may affect LLT expression in neurons (54) . In addition to LLT, all of the PrV miRNAs previously described from productively infected cells (22, 23) were detected in latent ganglia. The two most abundant miRNAs in WT ganglia, prv-miR-LLT1-3p and prv-miR-LLT2-5p, which are absent from the mutant PrV genome, are highly expressed during productive infection in PK15 cells ( Table 2 and Fig. 6 ). Prv-miR-LLT1 is also the most highly expressed PrV miRNA in dendritic cells (22) and is the only one detected in trigeminal ganglia of pigs during acute infection, albeit at reduced sequencing depth (48) . It is interesting that prv-miR-LLT10-3p, which maps outside the deleted region, was expressed by both M and WT virus at levels similar to those of prv-miR-LLT1-3p and prv-miR-LLT2-5p, which contrasts with the low expression of this miRNA during productive infection ( Table 2 and Fig. 6 ). It should be noted that the gene coding for this miRNA is duplicated and maps at the 3= end of both copies of IE180 (1) . The fact that IE180 expression was not detected suggests that the mature prv-miR-LLT10 is expressed only by the miRNA gene copy adjacent to the LAT locus.
These findings suggest that, as for HSV (55), different PrV miRNAs are expressed preferentially during productive infection in cell culture and during latent infection in sensory ganglia. In this context, it is interesting that the only difference found was a transient upregulation of EP0 at 8 h p.i. (Fig. 3A and D) in PK15 cells infected by the mutant virus. Otherwise, the absence of miRNAs did not affect the replication properties of PrV (Fig. 2) .
Transcriptional patterns of the host genome during latency. Our findings add to what had been proposed for HSV, i.e., that host parameters such as innate immunity (56), the repressive effects of immune cells in ganglia (57) , and the neuronal environment (58) promote the establishment and maintenance of latency (52) . Host genes which are differentially expressed during PrV latency are involved in biofunctions related to expansion, activation, and cell death of T lymphocytes and of dendritic cell migration. This parallels data from HSV latency, where the LAT locus has been shown to function as an immune evasion gene by promoting functional exhaustion of virus-specific CD8 ϩ T cells in latently infected trigeminal ganglia and by inhibiting the phenotypic and functional maturation of dendritic cells (59, 60) .
Indeed, the most prominent differences between ganglia latent for the miRNA-deleted and parental PrV were found in host response, and, interestingly, without any evidence for differential expression of host miRNAs. Both viruses triggered a robust proinflammatory immune response ( Fig. 9 ; also see Table S4 in the supplemental material), but a pronounced pattern of gene upregulation was found in ganglia latent for the mutant virus (Table  3 ; also see Table S3 ). The impairment of the host proinflammatory response is reflected by differential expression of a limited number of genes acting in several pathways (Table 4 ). VIP acts as an inhibitor in many biological functions. Its absence induces better Th1 polarization and antiviral immunity in mice (61) , and VIP knockout mice have enhanced cellular immune responses and increased survival following murine cytomegalovirus infection (62) . Various reports indicate CYP2E1 as a gene downregulated by various stimuli, including inflammation (63) . Thus, in M ganglia VIP would be a factor of less efficient cell-mediated host response, and the upregulation of CYP2E1 would be a global indicator of reduced inflammatory response. Conversely, reduced levels of BTNL9 suggest a reduced ability of the mutant virus to control T cell activation (Table 4 ). The butyrophilin-like family encodes transmembrane glycoproteins with roles in immune coregulation and antigen presentation, and some of them are functionally implicated in T cell inhibition and in the modulation of epithelial cell-T cell interactions (64) (65) (66) .
Overall, the pattern of gene upregulation found in the ganglia latent for the mutant virus is suggestive of a role for PrV miRNAs in regulating the host genome during latency. However, presumably only a fraction of the observed effects can be attributed to PrV miRNAs. Other regulatory sequences controlling the latent virus genome at the epigenetic level (54, 67) may map to the 2.5-kb region deleted from the PrV LAT locus and alter host transcription and immune responses. Additional functional studies are required to investigate the relative contribution of these different factors during PrV latency.
